Abstract -The paper introduces a new model for assessing the exposure of free-standing structures and horizontal conductors above flat ground to direct lightning strokes. The starting point of this work is a recently developed criterion for positive leader inception, modified to account for positive leaders initiated under the influence of a negative descending lightning stroke. Subsequent propagation of the posltive leader is analysed to define the point of encounter of the two leaders which determines the attractive radius of a structure or the attractive lateral distance of a conductor. These parameters are investigated for a wide range of heights and return-stroke currents.
assessing the exposure of free-standing structures and horizontal conductors above flat ground to direct lightning strokes. The starting point of this work is a recently developed criterion for positive leader inception, modified to account for positive leaders initiated under the influence of a negative descending lightning stroke. Subsequent propagation of the posltive leader is analysed to define the point of encounter of the two leaders which determines the attractive radius of a structure or the attractive lateral distance of a conductor. These parameters are investigated for a wide range of heights and return-stroke currents.
A method for analysing shielding failure and determining the critical shielding angle is also described.
The predictions of the model are compared with field observations and previously developed models.
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IRTBODUCTION
There has already been a long history of field observations into the attractive effect of lightning and several empirical rules for determining the protection zone of a free-standing structure have long been proposed [l] .
In more recent times, several attemps have been made to analytically determine the striking distance or attractive radius of a lightning conductor. Lightning induced electric fields depend, of course, on the magnitude and distribution of charges associated with the descending leader channel. On the other hand, more information is available on the magnitude and frequency of occurence of the return stroke current. It became possible to correlate the linear charge surrounding the leader channel to the return stroke current through the work of Lundholm-Rusck [3], [ 4 ] and Wagner (51, who developed expressions for the dependence of the speed of the return stroke on stroke current. This, together with Wagner's expression of the leader tip potential as a function of return stroke 90 \fib: 084-4 P'riRD by the IEEE Transmission A paper recommended and approve,' current and height above ground [5] ,. proved to be instrumental in the development of the electrogeometric model of transmission line shielding [6] , [ 7 ] .
In [6] the striking distance was determined, assuming a streamer type breakdown, from the leader tip potential and an average streamer gradient of 5-6 kV/cm. In reference [7] on the other hand, the striking distance was based on great extrapolation of negative switching impulse data of rod-rod gaps obtained by Paris [8] and Watanabe [9] for the necessarily limited range of 1-5 m. The choice of negative switching impulse data can be justified by the relatively slow increase of the induced field in the vicinity of a structure or a conductor due to the descending negative leader, for the relevant distances and leader speeds involved [ 2 ] .
During the nineteen seventies, our understanding of the mechanism of sparkover of long'air gaps has been significantly enhanced, mostly through researches of Les Renardisres Group [lo] . A model for positive leader inception under critical switching impulses was also developed [ll].
In recent models for lightning attractiveness o t structures, [12-161 it has been recognized that the inception of a positive leader from the structure and it's subsequent propagation to encounter the descending negative leader can play a predominant role in the determination of the striking distance or attractive radius.
Calculation of leader inception in these models is based on corona inception of an electrode of , a critical radius corresponding to a very large gap; a concept introduced by Carrara and Thione [Ill.
The above models, hereafter referred to as Eriksson and Dellera models, appear to provide a welcome development of the classic electrogeometric model, being based on a more solid physical ground. However, some fundamental questions have been raised: Both Eriksson and Dellera models appear to result in excessive dependence of the attractive distance on structure or conductor height, while in the classic electrogeometric model the striking distance i s taken as independent of height. A s shown by A.R. Hileman [17] , compared with other versions of the electrogeometric model, Eriksson's model results in critical shielding angles that are relatively insensitive to conductor height. Recent lightning simulation experiments conducted by C. Gary and B. Hutzler [18] showed that for a given gap distance, the critical radius of a vertical rod fixed on a ground plane, below a high voltage disc electrode, can be several times smaller than in a conventional rod-plane gap for which the concept of critical radius was originally developed. Similar results were also obtained with a horizontal conductor [18] . These experimental findings tend to cast some doubt on the validity of the leader inception calculations in both Eriksson and Dellera models. With the objective of contributing to promote the application of a modern physical approach to lightning exposure of transmission lines, the present paper will attempt to find satisfactory answers for the above fundamental problems.
1984

WDELING TEceplIQUE
The basic tool used in this paper for the calculation of positive leader inception as a vertical structure or a horizontal wire is approached by a descending negative leader, is a very recently published leader inception model [19] , [ Z O ] . The author believes that a brief summary of that model would be helpful to the understanding of this paper.
Generalized Leader Inception Model
The generalized positive leader inception model described in detail in [19] , [20] , deals with configurations for which corona inception voltage i s lower than the leader inception voltage.
This brief summary of the model is made in reference to Fig. la and Fig. lb . It is assumed that the continuous positive leader starts from an ionized streamer-stem zone in the vicinity of the highly stressed electrode, when the applied field Ea, exceeds the opposing field E , , due to the critical streamer space charge Qo, by a critical value E , : Assuming that the fields are associated with the corresponding potentials through an equivalent radius re characterising the streamer-stem zone, which is iniependent of the gap spacing, the following relationship was obtained:
is the applied voltage Us, i s the voltage induced at the position P of the tip of the ionized streamer-stem zone due to streamer space charge under critical conditions a is a constant U, is a critical potential
The streamer space charge induced voltage Us, can be split in two components:
expresses the directly induced component:
On the other hand UScb expresses the component caused by the image charges, of Qo and whaterver significant charge it induces on the highly stressed electrode, on the opposite earthed electrode and other nearby objects:
The distance R , which is primarily a function of the distance of Qo above ground, can be determined either analytically for simple electrode geometries or by charge simulation technique [ZO] .
The derivations of [ 2 0 ] result in the following expression for the positive leader inception voltage Ulc: As mentioned in [ Z O ] , explicit inclusion of the effect of the image on the earth plane, of the charge induced by Qo on the highly stressed rod, would effectively modify (5) by a multiplication constant, however ( 6 ) and (7) would remain the same.
The main reasons are: the charge induced on the highly stressed electrode is proportional to Q o , the distance s is much smaller than the gap distance and the most significant part of the induced charge will be in the vicinity of the electrode tip. This means that the most signficant part of the charge induced on the highly stressed rod-electrode will be practically independent of gap spacing and electrode length.
The experimentally established fact that below a critical radius, change in the dimensions of the high voltage rod has insignificant effect on leader inception [ll] , indicates that within that range, while individual parameters involved in the model might well vary with the dimensions of the highly stressed electrode, the constants A and U , , of ( 6 ) , (7) remain practically unchanged.
On the other hand, referring to The above model applies to any gap configuration for which the corona inception is lower than the leader inception voltage and for which the distance R can be determined e i t h e r a n a l y t i c a l l y o r by charge s i m u l a t i o n .
A p p l i c a t i o n t o Lightning Conductor
There a r e two b a s i c d i f f e r e n c e s between t h e l i g h tning conductor c o n f i g u r a t i o n s shown i n Fig. 2a, 2b and c o n v e n t i o n a l rod-plane gap and conductor-plane gaps of Fig. l a , l b , a s f a r a s l e a d e r i n c e p t i o n is concerned: -t h e t i p of t h e streamer-stem zone is p r a c t i c a ll y a t e a r t h p o t e n t i a l and not a t t h e a p p l i e d v o l t a g e above ground.
-t h e gap d i s t a n c e d and t h e approximate height h above ground of t h e e q u i v a l e n t streamer space charge Qo, a r e completely d i f f e r e n t . 1. l i g h t n i n g rod o r conductor 2.
descending n e g a t i v e l e a d e r For t h e l i g h t n i n g conductor arrangements, e q u a t i o n (1) can be r e w r i t t e n , r e p l a c i n g Ea by t h e induced f i e l d E i c n e c e s s a r y f o r continuous p o s i t i v e l e a d e r i n c e p t i o n , which is generated by t h e n e g a t i v e l e a d e r space charge:
The f i r s t p o i n t r e f e r r e d t o above can be resolved i f i t i s recognized t h a t t h e induced f i e l d E i c can be r e l a t e d t o t h e induced p o t e n t i a l U i c a t t h e l o c a t i o n of P, i n t h e absence of t h e l i g h t n i n g rod o r conductor, through an e q u i v a l e n t r a d i u s req, c h a r a c t e r i s i n g t h e streamer-stem zone a s i n t h e o r i g i n a l model.
It f o llows t h a t i n s t e a d of (2) we have:
The e s p r e s s i o n f o r Us,, w i l l remain t h e same. The second problem r e f e r r e d t o above can be resolved i f it i s recognized t h a t a t p o s i t i v e l e a d e r i n c e p t i o n , t h e gap d i t o t h e n e g a t i v e descending l e a d e r w i l l have p r a c t i c a l l y no i n f l u e n c e on t h e image term of t h e e q u i v a l e n t streamer charge.
This means t h a t below t h e c r i t i c a l r a d i u s , t h e d i s t a n c e R of a v e r t i c a l s t r u c t u r e , Fig. 2a , w i l l approximately amount t o 2h so t h a t i n s t e a d of ( 5 ) we have:
Expressions ( 6 ) , ( 7 ) should be modified accordingl y , r e s u l t i n g i n t h e following e x p r e s s i o n f o r U i c f o r a v e r t i c a l f r e e -s t a n d i n g s t r u c t u r e of h e i g h t h: The conclusion t o be d r a m from (12) and (13) is t h a t t h e v a l u e of t h e induced v o l t a g e U i c n e c e s s a r y f o r continuous p o s i t i v e l e a d e r i n c e p t i o n and accordingl y t h e value of t h e c r i t i c a l r a d i u s of a l i g h t n i n g rod o r ground wire, w i l l be b a s i c a l l y determined by i t s h e i g h t h above ground and not by t h e gap l e n g t h d a s i n t h e conventional approach with long a i r gaps. T h i s conclusion immediately provides an explanat i o n of t h e experimental r e s u l t s of Gary and H u t z l e r [18], s i n c e t h e low v a l u e s of c r i t i c a l r a d i i observed correspond t o t h e h e i g h t of t h e rod o r conductor i . e . 0.5-1.0 m, and not t o t h e gap d i s t a n c e of 3.0-3.5 m.
C a l c u l a t i o n of Induced P o t e n t i a l U i
For t h e c a l c u l a t i o n of t h e induced p o t e n t i a l U i a t a h e i g h t h above ground, t h e v a l u e s and d i s t r i b u t i o n of n e g a t i v e space charge a s s o c i a t e d w i t h t h e descending l e a d e r a r e needed.
Golde [ 2 ] used r e s u l t s from e l e c t r i c f i e l d measurements p o i n t i n g t h a t t h e above charge d e c r e a s e s e x p o n e n t i a l l y towards t h e cloud and l a t e r concluded [ 2 1 ] t h a t a l i n e a r charge d i s t r i b u t i o n w i l l a l s o be adequate. The l a t t e r has a l s o been adopted by E r i k s s o n [ 1 3 ] .
The c a l c u l a t i o n s r e p o r t e d h e r e were a c c o r d i n g l y obtained from l i n e a r charge d i s t r i b u t i o n and from a r e l a t i o n s h i p between t h e t o t a l charge t o f i r s t peak Q f p and t h e peak of t h e r e t u r n s t r o k e c u r r e n t I based on B e r g e r ' s measurements [ 1 5 ] . A s t o t h e cloud h e i g h t H c l , which is normally taken between 2 and 3 km, we took H c l 2.5 km. Furthermore, with normal power l i n e s t r u c t u r e s and conductors above f l a t ground, we assumed t h a t a t l e a s t under c r i t i c a l p o s i t i v e l e a d e r i n c e p t i o n c o n d i t i o n s , t h e i n f l u e n c e of t h e cloud charges is small compared t o t h a t of t h e n e g a t i v e l e a d e r .
The l a c k of p r e c i s e knowledge on t h e magnitude and d i s t r i b u t i o n of charges i n t h e cloud under such c o n d i t i o n s was a n o t h e r f a c t o r l e a d i n g t o n e g l e c t i n g cloud e f f e c t s i n t h e p r e s e n t c o w p u t a t i o n s of p o s i t i v e l e a d e r i n c e p t i o n .
Once t h e above p o i n t s have been decided upon, t h e a c t u a l computational procedure is s t r a i g h t forward and need not be r e p o r t e d h e r e . P o s i t i v e Leader T r a j e c t o r y I n s i m u l a t i n g t h e t r a j e c t o r y of t h e p o s i t i v e l e a d e r t o encounter t h e n e g a t i v e descending l e a d e r , some b a s i c assumptions were undertaken: -p o s i t i v e l e a d e r i n c e p t i o n t a k e s p l a c e when U i reaches U i c .
-t h e n e g a t i v e l e a d e r c o n t i n u e s i t s downward motion unperturbed u n l e s s c r i t i c a l f i e l d condi t i o n s develop corresponding t o a f i n a l jump between p o s i t i v e and n e g a t i v e l e a d e r t i p s , a t which a major bend of t h e n e g a t i v e l e a d e r p a t h t a k e s p l a c e .
-t h e v e c t o r motion of t h e p o s i t i v e l e a d e r is such t h a t a t any i n s t a n t it s e e k s t h e n e g a t i v e l e a d e r t i p . -if at any instant the average voltage gradient determined by the potential difference between the two leader tips and their separating distance exceeds 500 kV/m a final jump takes place effecting the encounter.
-the tip potential of the negative leader is calculated from the leader space charge distribution, assuming a constant ratio between the linear charge density and the radius of the space charge channel [ 2 2 ] .
-the tip potential of the positive leader is calculated from the leader voltage drop as described in [191 and referred to the zero potential of the structure of or conductor.
-if in the above simulation both leader tips reach the same height above ground without satisfying the criterion of final jump, it is assumed that no encounter will take place and the negative leader will continue it's descent until the condition for a final jump to the ground plane is statisfied. While the above approach includes several simplifications, it is believed that the present state of knowledge and the quality of data available as well as the required accuracy of the model do not justify a more complex procedure which would necessarily introduce a number of arbitrary parameters in the model, without ensuring better precision.
Attractive Distances
As we are mostly interested in the maximum radial distance Ra around a structure or the maximum lateral distance Da from a horizontal conductor at which an encounter between the positive and negative leaders is possible, an iterative procedure was applied to determine these distances.
To avoid confusion with similar terms used in the litterature, we will define the distances involved with reference to Fig. 3a and Fig.3b which relate to a critical encounter i.e. one which involves maximum attractive distances for a given stroke current. free-standing structure b.
horizontal conductor Negative leader path 2: positive leader trajectory position of negative leader tip at positive leader inception position of negative leader tip at encounter
The attractive radius of a structure lateral attractive distance of a horizontal conduct or striking distance defined as the distance between the structure or conductor and the negative leader tip at the critical point of encounter distance to ground of the negative leader tip at critical encounter length of final jump between the positive and negative leaders distance between negative leader tip and structure or conductor at positive leader incept ion height above ground of the negative leader tip at positive leader inception above distances are functions of the return stroke current I and height h.
COMPUTATION RESULTS
Numerical Examples
In order to illustrate the meaning and the relative magnitudes of the various distances just defined, two numerical examples are given in Table 1 , for a free standing structure and a horizontal conductor of 1 cm radius. It is noted that the distance di at positive leader inception is much higher than the height h. For the same return stroke current and height above ground, the lateral attractive distance Da of a horizontal conductor is lower than the attractive radius of a free standing-structure; 84% in this example. The striking distance d,, corresponding to the point of critical encounter as defined above, is 15% heigher than Ra for the structure and only 7% higher than Da for the conductor. In the above example, the final jump represented 31% of Ra for the structure and 38% of Da for the conductor. Further calculations show that the relative value of the final jump goes down at higher currents and greater values of h. In general, these and other calculations confirm the predominant role played by the positive leader in determining the attractiveness of a given structure.
The distance dg to ground at critical encounter, for which we do not necessarily attach a physical meaning, but might correspond to what has been termed attractive distance of ground, amounts to 80% of the striking distance ds for the structure and 77% for the conductor, for the current and height involved. The ratio dg/ds corresponds to the factor B used by J. G. Anderson in ref. In the following sections, we will concentrate on structure heights in the range 10-60 m and return stroke currents in the range 5-60 kA, which are normally of interest for power line shielding.
Free-Standing Structures The striking result is that the dependence of Ra on the height of the structure is considerably less than that predicted by Eriksson's and Dellera's models.
The basic reason is the different method of positive leader inception calculations. The exponent of h in (14) is somewhere in between that of the IEEE simplified method [23] , [24] where the striking distance is taken as independent of h and Eriksson's and Dellera's models with an exponent of 0.6 to 0.8.
At the median current of 31 kA, calculations show that the attractive radius Ra becomes equal to 2h at a structure height of approximately 60 m.
If we take into consideration the statistical disof a free-standing structure on structu;e height. [131, include observations from mountainous regions where the attractive radius could be several times larger than that with flat ground, for the same value of structural height.
Furthermore, due to insufficient data on the nature of the strikes for heights around 100 m, a significant number of strikes may still be due to ascending strokes which are rare for power line structures on flat country to which this paper is addressed. These points substantiate the tendency of the model curve to show a slower increase with h than the observation data.
Horizontal Conductor 
Here again the dependence of Da on height is considerably less than in Eriksson's model.
At a current of 31 kA, the attractive distance will be equal to double the conductor height, at a height of approximately 48 m.
Similarly for a conductor height of 40 m and currents in the range 5-31 kA, Da can be approximated as:
Furthermore, in the current range of 5-31 kA and conductor height range of 10-50 m, multiple regression yielded the approximate expression:
Taking i n t o c o n s i d e r a t i o n t h e s t a t i s t i c a l d i s t r ib u t i o n of s t r o k e c u r r e n t [ 2 3 ] , an o v e r a l l a t t r a c t i v e d i s t a n c e Dao was obtained through numerical i n t e g r ation:
Dao(h) = 1.13 Da (31,h) h, m Fig. 7 Dependence of a t t r a c t i v e l a t e r a l d i s t a n c e Da of h o r i z o n t a l conductor on h e i g h t h , f o r cons t a n t v a l u e s of r e t u r n s t r o k e c u r r e n t I. Fig. 9 shows a comparison between t h e p r e s e n t model and d a t a derived by Eriksson [13] from l i g h t n i n g incidence t o power l i n e s .
The agreement between t h e model and observation i s e x c e l l e n t , p a r t i c u l a r l y f o r t h e l i n e designated TL which was considered by Eriksson a s y i e l d i n g most r e l i a b l e data. I, kA Fig. 8 V a r i a t i o n of l a t e r a l a t t r a c t i v e d i s t a n c e Da of h o r i z o n t a l conductor on r e t u r n s t r o k e curr e n t , f o r constant v a l u e s of height h.
Fig. 9 a l s o shows t h a t t h e p r e s e n t model curve c o i n c i d e s with Dao = 2h, adopted by t h e IEEE working group, f o r conductor h e i g h t s around 60 m. The model i n d i c a t e s however, t h a t t h e LEEE method would under e s t i m a t e l i g h t n i n g incidence a t lower h e i g h t s ( p a r t i c ul a r l y i n t h e range of 10-20 m), a s already recognized by t h e Working Group [ 2 4 ] .
S h i e l d i n g F a i l u r e Rate S i n c e most s h i e l d i n g f a i l u r e s occur along t h e conductor span and not a t t h e towers, s h i e l d i n g f a i l u r e r a t e Nsf per km y e a r can be approximately c a l c u l a t e d from t h e s h i e l d i n g f a i l u r e width, t h e p r o b a b i l i t y d e n s i t y f u n c t i o n of s t r o k e c u r r e n t f (I) and t h e ground Dependence of o v e r a l l l a t e r a l a t t r a c t i v e dist a n c e Dao of h o r i z o n t a l conductor on h e i g h t h. P o i n t s : derived by Eriksson [13] from observed s t r i k e incidence on power l i n e s .
Symbols r e f e r t o l i n e d e s i g n a t i o n s i n r e f . f l a s h d e n s i t y N per square km. With t h e conductor a t h e i g h t hc, t%e s h i e l d i n g w i r e a t h e i g h t h and a l a t e r a l displacement a between t h e two a s s8own i n t h e maximum p e n e t r a t i o n c u r r e n t . s h i e l d i n g f a i l u r e width A s such c a l c u l a t i o n s a r e q u i t e s e n s i t i v e t o t h e parameters involved, they should p r e f e r a b l y be performed numerically using t h e f u l l computer program i n s t e a d of m u l t i p l e r e g r e s s i o n approximations of Da(I,h).
A c r i t i c a l s h i e l d i n g angle can then be determined by l e t t i n g t h e s h i e l d i n g f a i l u r e width vanish a t t h e c o o r d i n a t i o n c u r r e n t IC, so t h a t :
Results of calculation of 6, as function of hc for hg-hc = 5, 10, 15 m and IC of 5 kA and 10 kA are shown in Fig. 11 A new model for assessment of the exposure of free-standing structures and horizontal conductors to a negative descending lightning stroke has been developed. Under the conditions described in detail in the text, the following conclusions have been reached: 1. The conditions for positive leader inception from a structure or a conductor under the influence of the negative leader space charge, as well as their equivalent critical radii, are basically determined by their height above ground. 2. The model permits the identification of several 1989 parameters used in earlier investigations, thereby establishing a link between models based on positive leader dynamics and earlier conventional approaches. 3 . The dependence of the attractive radius of a structure on it's height is considerably less than the predictions of some recent publications. 4. Comparison of the attractive radius of structures perdicted by the model with field observations yielded satisfactory agreement. 5. Good agreement was also found between the lateral attractive distances of conductors and previous observations on power lines. 6. The critical shielding angle is found to be more sensitive to conductor height than the results of a recent model. 7. Although the work reported here refers to flat country and vertical lightning, the model is by no means restricted to those situations. Work on those topics is already in progress and will be reported elsewhere. [1960] [1961] [1962] [1963] 
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if the velocity of the upward leader prior to the final jump is much smaller than during the final jump. In that case, distance cb in Fig. 14c would be a negligible part of the striking distance. It is interesting that Dellera et. al.
[15] took the initial velocity of the upward leader to be only 25% of that of the downward leader, with the two velocities made equal later during the final jump. If the initial velocity of the upward leader is taken, say, 10-25% of that of the downward leader, the attractive radius of the structure would be reduced to a value closer to that predicted by Mousa's EGM [34] . Measurements on Berger's 70 mast taken using Boys' camera gave a 37 m striking distance for a negative current equal to 27 kA [l] . (They also gave a 27 m striking distance for a 16 kA stroke.) Table 1 of this paper, on the other hand, gives a 123 m striking distance to a 40 m mast for a 31 kA stroke. Hence this paper gives striking distances much higher than field observations. Also, the implied large increase in striking distance with increase in height is expected to result in an increase in median current of collected strokes with increase in height, and this would contradict with field observations [26] . Note that the field data in Fig. 9 used to compare the calculated values are subject to serious errors as pointed in [33] . Also, doubts have since been raised about point TL in Fig. 9 because the configuration of that distribution line is not regular: the tower extends above the height of the wires as shown in Fig. 1 of (301. The frequency distribution of stroke amplitudes used in the paper and having a median value equal to 31 kA is the distribution measured on power lines and other low height objects. As shown in [36] and [34] , the distribution to flat ground has a somewhat lower median value (about 24 kA). In case of the configuration in Fig. l a , point P is on the same side of both charges QO and its image. Hence eqn. (1) leads to:
In case of Fig. 2a but with the leader arriving directly above the mast, point P is betwee% charge Qo and its image. Hence eqn. (9) leads to:
The similarity between (7) and (12) seems to indicate that the difference in sign between (24) and (25) was not taken into consideration. Please clarify. Also, when the leader is not directly above the mast but is rather shifted by a horizontal distance x as shown in Fig. 2a , then fields E and E are not in line and hence they shoujybe trea%!h as vectors. Was this taken into consideration? It should be noted that taking spearation x into consideration decreases the difference between the striking distance to ground and to the mast [34] . Rough calculations using the data for the 40 m mast in Table 1 indicate that the gradient at the tip of the upward 'leader may be too low to cause continuous growth.
Please elucidate.
It is interesting that a recent time-resolved photograph (Fig. 8 of [39] ) shows the development of the upward leader to be halted after reaching a very small length then remains stagnant until the final jump condition is reached. In this paper, the power line is represented by horizontal wires. It should be noted that the existence of the towers and the sag of the wires need to be represented as discussed in [38] . Also, it is desirable to use an exponential leader charge density distribution as was done by Golde. The author is to be congratulated for addressing one important shortcoming in the simplified approach, used by the IEEE Working Group on Estimating Lightning
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Perfomwe of Transmission Lines in its FLASH Program, constituted by disregarding the effect of structure height in the electrogeometrical model. To improve the situation, the author applied his previously developed sophisticated criterion for leader propagation. In his approach, the development of an ascending leader, initiated at the strucm (tower top or conductor), is followed until its trajectory makes a juncture with the descending leader of the lightning stroke. The computer program developed by the author for that purpose constitutes a valuable tool which can be utilized for a mon detailed calculation of the critical lightning current corresponding to shielding failure in a given line geometry.
Achieved improvements can be appreciated on the basis of summaries provided by Figures 5 and 9 . These same figures may be used to recognize the possibility for further refinements, especially at line heights below about 3Om. In that context a few comments and suggestions come to mind.
In the understanding of this discusser, the existing leader development program is sufficiently complex so that it should not be much more difficult to use a non-uniform distribution of charge density in the lightning channel. In view of the sharply increasing incremental "capacitance" of the channel as it approaches the ground, a proportional increase in charge per metre of the lightning channel in this region should be appropriate. The consequence of this circumstance would be an increased velocity at which the ascending "leader" (from the tower top or f" the conductor) propagates toward the 9ip" of the descending lightning channel.
In the opinion of this discusser this refinement would be worthwhile since it would affect especially the leader propagating upwardly f" smaller structures. Comparison with "observations" made in Figures 5 and 9 of the paper indicates that in the range of "small" heights computed results could benefit from such an improvement.
Another somewhat h e r but certainly related point concems the development of the juncture between the two leaders. Final jump d, is determined by the author using a critical jweraee field intensity (between the %ps" of the two "leaders") that is independent of height. Surely, with the superior computing power of the program used by the author, a physically m m realistic process and thus a more appropriate criterion can be followed to determine the completion of the leader phase and initiation of the return stroke phase. In particular, if the changed capacitance of the "descending" leader near ground (and thus a variable charge per metre length of the lightning channel) is included in the program, the detailed distribution of the field intensity in the remaining non-ionized space reaching to the "ascending" leader would be a function of line height. As the result, critical local field intensity initiating the "final jump" would correspond to a different "average" field intensity.
Furthermore, as stated in the paper, the "final jump" is also affected by the velocities v-and v' with which the two leaders propagate toward each other. Realisitically a transmission line model [l] could be used to obtain a good estimate of these velocities. It would be appreciated if the author, with the objective of further improving the performance of his approach, would attempt to include also the effects of propagation velocities.
It is the belief of this discusser that the three "further adjustments" suggested by him would not constitute any great increase in the computational effort above that of the approach proposed by the author, and for that reason their inclusion would be more than worthwhile when replacing the simplified procedure used in the FLASH Program. As this problem is a classical one, we find comparisons with earlier results quite interesting. A straight forward computation following the assumptions of [4] would give a critical field proportional to the uniformly distributed charge of the lightning channel. The return stroke velocity for practical currents is about proportional to the square root of the current and since current equals charge times velocity, the critical field becomes proportional to the square root of the current, which is close to what is used in most lightning studies. For the classical approach, based upon a striking distance S, the IEEE working group has adopted the relation
By the classical EGM, S would correspond to a horizontal (here "attractive") distance equal to
for small object heights h. Apparently the attractive distance would in this case be proportional to the square root of S (and the square root of h). The attractive distance would then have an exponent of I equal to 0.325, to be compared with 0.69 in Eq. (19).
This deserves commenting.
In this context, we will take the opportunity to point out a computational aspect on power functions, which seems to have been long overlooked. As a matter of fact, the constants relating the "overall" attractive radius to the median attractive radius in Eq. (16) and (ZO), and which the author computes by numerical integration, can be evaluated analytically if the random variable I is assumed to be log-normally distributed.
(It is recalled that the IEEE working group distribution used in the paper is an approximation to the lognormal distribution and not vice versa.) The pertinent constants are exactly given by 2 exp[(bB) 1 resp. ex~I(bB)~I21 where b is the exponent of I, and B the standard deviation of the random variable ln(1). The proof of this will be presented elsewhere. Using b=0.63 and 0.69, respectively, together with 8-0.7 yields 1.15 and 1.09, to be compared with 1.23 and 1.13 as given in the paper. Now, the slight discrepancy found, may well be attributed to the difference between the distributions.
Regarding the application of the model to shielding failure rate calculations, we would like to have the author's clarifications on two points.
The first point is about the gap geometry constituted by the two conductors, the ground-plane, and the lightning leader. Apparently this case is resolved here by using the attractive radius of each conductor-to-leader gap separately. This must have been based on the implicit assumption that the positive leader inception and propagation processes of the two conductors are independent of each other. Physically, these should, however, not be completely independent, as the streamer space charge Q of one conductor would influence the potential Usc 8f the other. Is this effect negligible?
The second point regards Equation (21) . Here the integrand is the width of the "targettq zone for shielding failures. Conditionally on the feasibility of the decomposing scheme just discussed, we agree that any vertical flash, with I within the integration range and aiming into the target zone shown in Figure 10 , will hit the phase conductor. However, we fail to see why all such flashes aiming to the left of this zone will hit the shield wire. It is observed that wsf (which serves as integrand), as given here, is bounded from above by tlje parameter a, and so N will be dominated by N *lo-*a, independent of thgfshielding angle and the hkghts of the conductors. Further, if the parameter a is assumed to tend to zero while simultaneously adjusting the height of one of the conductors so that 6 is kept constant, then N as given will vanish, which seems unreasonable. It sh86ld be mentioned that the classical EGM theory solves this limit value case quite differently, in that a non-zero shielding failure rate may very well go with zero separation. We would appreciate clarification on this vital point.
Manuscript received llarch 5, 1990.
Gianguido Carrara and Luigi Dellera, CESI, Emilio Garbagnati, ENEL, Milano (Italy), EC -For the discussers, deeply involved in the Leader Progression Model, the contribution of the Author is of great importance, as he discovered a mistake in the determination of the critical radius. An evident consequence of a much smaller critical radius, which anticipates the instant of leader inception, is to allow to use higher values of v-/v+ for the same result. This refers to the interesting discussion of the upward leader velocity. To facilitate it we report some points of the Positive Leader Trajectory chapter: 1) "v-/v+ is taken as 1, in agreement with Eriksson"; 2 ) "in the original Dellera's model v-/v+ was taken as 4 , but in a more recent paper [15] it was varied between 4 and 1, but no details were given on the exact manner of such variation"; 3 ) "if... both leader tips reach the same height above ground without ... final jump'' (stroke to structure) "it is assumed that...the negative leader ...j ump to the plane" (ground stroke). Two preliminary remarks. The first is to point 2 . As two of the discussers are the authors of reference [15] we can supplement the missing details: v-/v+ was varied between about 1 and 4 as follows:
E is the average gradient between the two leader tips (approximately O.l*EC at leader start), EC is the same gradient at final jump. Formula ( A ) is derived from the Berger's measurements rep[orted in [15] . The second remark refers to point 3: in the discusser's opinion the two leaders may still meet even if the negative leader tip reached a lower height above ground than the positive one. Actually, the streamer zone ahead of the positive leader tip can reach the negative channel behind the tip, resulting in the final jump.
v-/v+ = 4*exp(1.5*(E/Ec-1) (A)
Now to the main discussion on the leader velocity. From all the laboratory experimental results v-/v+ is much greater than one. So, taking v-/v+ as 1 (points 1 and 2 above) must either be corroborated by experimental evidence, very difficult to obtain, or may seem a way to increase the striking distance to fit the experimental data. But what are the experimental results plotted in Fig. 6 ? The attractive radii were obtained [13] using a formula where they are proportional to the square root of the ratio of the number of strokes (to the structure) to the ground flash density, this last derived from the number of thunderstorm days per year. All these values are highly uncertain, and have a statistical dispersion, while the results of the calculations with the models are deterministic. Astonishing would be a smaller dispersion! So we should not worry too much to obtain the real best fitting of them. To find out how much one can play with the leader velocity to reasonably satisfy both the physical aspect and the observations, it would be interesting to perform a sensitivity analysis of the effect of the value of v-/v+ on the striking distance. May-be the Author could run the program three more times, for one structure height and one lightning current, evaluating the striking distance for v-/v+ equal to 1, 2 . 5 and 4 , and present the results in the closure.
Manuscript received February 27, 1990.
Closure
Farouk A.M. Rizk: The author would like to thank the discussers for their interest and contributions which added to the value of the paper.
Carrara and Messers Dellera and Garbagnati, who made significant contributions to the 1ea.der progression model, have recognized that the present paper succeeded to put the positive leader inceptioii criterion on a more solid physical ground. If the instantaneous value of v-/v+ varies bctween 4 and 1 during positive leader propagation, the average value, which is relavaiit to this model, will be considerably lower than 4. This average value was taken as 1 in the paper for the following reasons:
It is particularly gratifying to note that Prof.
The measurements of Berger ref. [40] refer to the vertical component of the velocity rather than the total velocity needed in any leader progression model. Since the positive leader is liltely to experience more deflection from the vertical in its pursuit of the tip of the descending negative leader, the average value of IT-/\,+ will drop even further.
Berger's towers were reported to be the subject of significant current conduction for long periods of time 
Corresponding to Fig. 12 of the paper, Fig. 17 shows the variation of the critical shielding angle as function of the conductor height, for v-/vf = 2, demonstrating some reduction of the angle compared to that of Fig. 12 , which becomes mole significant for larger heights. long as it was limited to configurations for which tlic model was calibrated against field observations. However some of its limit a.-tions were already clear to those who pioneered the development and application of the model. The request of Prof. Janischewskyj to include a non-uniform distribution of charge density is already satisfied by the model as reported i n the paper. The charge density is indeed highest at the level of the negative leader tip and decreases linearly with height to vanish at the bottom of the cloud. We have also carried out computations with exponential decay but due to limited data on the decay space constant taken by Golde as 1 km 1211, preferred to stay with the straight line decay. As mentioned in the paper Golde reported in ref. [21] that such distribution is also acceptable.
Concerning the second point in Prof. Janischewskyj discussion, the variable charge density of t,he channel is already included in the calculation of the negative leader tip potential 'a.1~1 a.ccordingly in the determination of the average field between the two leader tips.
The question of v-/v+ has been addressed above hut as meiitioned in the paper merits further investigation. Prof. .Janiscl~ewskyj suggested an approach for such investiga.tioii but the author fecls that field observations with advanced instrumentation are nccessary for further progress.
The following is in response to comments of Dr Nousa:
1. The simple electrogeometric model served the industry well as (c) None of the previous models referred to by the discusser was intended nor is able to determine with any accuracy the meeting point of the two leaders. Furthemore, Dr hlousa did not come up with any photograph pertinent to the situation at the border of the attractive zone treated in this paper. The relative value of the final jump within the striliing distance, at the limit of the attractive zone as defined in Fig. 3 , is not a constant but varies with height and return stroke current. Apart from confusing the terms streamer and leader, the ratio calculated by Dr. Mousa on the basis one current and one structure height from Table 1 is therefore irrelevant. As the radial distance to the descending negative
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leader gets smaller, within the attractive zone, the vertical displacement of the positive leader becomes more important. In the limit if the negative stepped leader descends along the axis of the structure, it is obvious that the positive leader will progress vertically until the final jump. This provides a probably more plausible explanation of Fig. 15 than that of Dr. Mousa.
(d) The discusser's claim that a downward negative leader strikes as a streamers breakdown to the peak of the structure rather than as a result of an encounter with an upward positive leader as described in this paper is refuted, for example, by ref.
[39] of his own discussion, where ample evidence on such encounters was obtained by an optoelectronic measuring system (ALPS). It may be helpful to quote the description of one such encounter from (a) Berger's measurements were not taken by Boys Camera as claimed by Dr. Mousa but by a rotating film camera operated in a streak mode.
(b) As such, Berger's photographs can not give striking distance but only vertical heights above the tower tip, the other axis, as in any streak photograph, being time.
The distances of 37 m for 27 k A and 27 m for 16 !CA strokes are therefore no striking distances and should not be confused with striking distances as defined and evaluated in this paper. The discusser's conclusion that the present paper gives striking distances much higher than field observation is therefor completely groundless.
In comment 5, Dr. Mousa repeats some of his earlier opinions, which do not require a response from the author.
The dificulties encountered by Dr. Mousa concerning the negative leader induced field and streamer space charge field are explained by the fact that the discusser refers to the electric fields in the absence of the streamer stem, while the relevant fields are, of course, those which exist in the presence of the conducting streamer stem zone. Due to the extremely small equivalent radius of the streamer stem zone w.r.t. other distances involved, the former component becomes negligible and the resiiltant field can be practically determined, as explained in the paper and in ref.
[20], from the induced voltages at the stem tip location, with appropriate sign, and the equivalent radius of curvature of the stem. The induced voltage from any charge Q o and that of its image charge on the earth plane have, of course, opposite polarities independent of which side Qo is w.r.t.P. The derivations in the paper are therefore correct as they stand.
6. Although Dr. Mousa did not give any detail on his rough calculations of the field at the tip of the positive leader, we can only speculate, based on item 5 above, that his calculations did not adequately t a l e into consideration the presence of the con-7.
and I in ducting positive leader channel and the associated space charge sheath. Although, under appropriate conditions, a leader propagation may be discontinued, Fig. 8 of ref. [39] gives only vertical distances above the tower tip, and therefore one can not justifiahly conclude that the positive leader referred to really stoped.
The results provided in the paper refer to effective conductor heights but the model is capable of accounting for any sag profile. The question of negative leader charge density has been dealt with in the response to Prof. Janischewskyj above.
The following is in answer to the comments of Dr. Petterssoii Prof. Eriksson.
The difficulty that the discussers encountered in the exponent of their approximate expression of the attractive distance is due pri-_ -marily to the limitations of the conventional EGM, elaborated above in the response to Dr. Mousa, and to a lesser degree to the approximation they adopted. Particularly for smaller currents one can not entirely neglect h w.r.t. 2 S.
Concerning the IEEE working group lightning current distribution and the log normal distribution preferred by CIGRE' working group, both constitute acceptable approximations of field observations. The discussers should be given credit for the two analytical expressions, based on log-normal distribution, relating the overall attractive radius of structures and the overall lateral attractive distance of coiiductors tu the corresponding quantities at median current. Unfortunately in evaluating those expressions, the discussers made numerical mistakes. It can be easily verified that exp[(0.63 x 0.7)2] = 1.21 and exp[(0.69 x 0.7)2/2] = 1.12, in excellent agreement with the values of 1.23 and 1.13 respectively obtained in the paper, using t,he IEEE distribution.
In general leader inception from any conductor will he influenced by proximity of other objects. These effects can be included using charge simulation technique as explained in ref. [20] . Such calculations were made for some typical distances between earth wire and phase conductor and heights above ground, which showed that the approach presented here constitutes an acceptable approximation.
As continuous leader inception from one conductor is reached and leader propagation starts, the presence of other conductors will be of minor importance. This also helps to explain the situatiou to the left of the shielding failure zone in Fig. 10 . For a descending negative leader in that part, as confirmed by numerous calculations. because of height effect, positive leader inception will take place on the ground wire. The initiated positive leader will offer additional shielding to the phase conductor so that no leader inception can ta.ke place there. Contrary to the conventional EGM, the presence of the positive leader plays a major role in determining which conductor will be struck.
At the coordination current I,, it can be shown that the integrand in (21) would contain the multiplying factor: tan 6, a[l --1 tan 6 which shows that for any a > 0, shielding failure will occur if 6 > 6, which is to be expected. The hypothetical case suggested by the discussers, namely a + 0, keeping 6 constant, means that the phase conductor and the ground wire would be allowed to touch, which is obviously'impractical. The more meaningful case is to maintain h,-h, and vary 6. The above factor becomes:
(h, -h,)[tan 6 -tan 6,]
where again for h,-h, > 0, shielding failures will occur if 6 > 6,. Finally a typographical correction: the conductor radius in Fig.  2b and expressions (8), (13) should be designated by a,
